Introduction
Central America is in the northern Neotropics (Morrone 2006) and has a bimodal rainfall regime due to the influence of the Intertropical Convergence Zone (Wang 1994 ). The isthmus is located close to the subduction zone where the Cocos tectonic plate slides beneath the Caribbean plate, which creates a longitudinal topographical divide that forms the border between different rainfall regimes on the Caribbean and Pacific slopes (Hastenrath 1968; Coates and Obando 1996; Xu et al 2005) .
Geological, topographical, and climatic patterns in the Central American isthmus create a large number of life zones (Khatun et al 2013) with high species richness and species endemism (Olson et al 2001) , as well as vulnerability to climate change (Khatun et al 2013) . However, human pressure damages the hydrological processes in poor uplands, increases the transport of sediments downhill, and threatens biodiversity (Krishnaswamy et al 2001; Nelson and Chomitz 2007) .
The continental water divide in Costa Rica is defined by the Guanacaste Volcanic, Central Volcanic, and Talamanca mountain ranges (Calvo 1990; Haber et al 2000; Marshall et al 2003; Guzmá n and Calvo-Alvarado 2013) . The first two ranges are located in the north and middle of the country, respectively, and are dominated by active and dormant volcanoes, while the Talamanca mountain range is a tectonic geological formation (Coates and Obando 1996) .
The El Niñ o-Southern Oscillation (ENSO) affects the spatial distribution of tropical storms as well as their frequency and intensity (McPhaden et al 2006) . These phenomena modulate the temporal and spatial distribution of rainfall in Costa Rica (Manso et al 2005) , which is considered the most important element of climatic variability. El Niñ o events create drier conditions (Philander et al 1989; Waylen et al 1994; Giannini et al 2000; Haber et al 2000) and contribute to tree mortality in secondary tropical rain forests (Chazdon et al 2005) , while La Niñ a events increase precipitation (Philander et al 1989; Meza Ocampo 2004) .
The combination of topographical and climatological conditions in northwestern Costa Rica makes this region an important ecological zone, which is characterized by high species richness in response to diverse geomorphological formations and climate conditions (Holdridge 1967; Hartshorn 1983; Denyer and Kussmaul 2000; Kalacska et al 2004; Hajibabaei et al 2006) .
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Systems knowledge
Mountain Research and Development (MRD) An international, peer-reviewed open access journal published by the International Mountain Society (IMS) www.mrd-journal.org A prominent scientific resource in northwestern Costa Rica is the Á rea de Conservació n Guanacaste, which offers the opportunity to investigate the hydrology of catchments covered with natural vegetation under different weather patterns.
Several streams flowing from the Orosi, Cacao, and Rincó n del la Vieja volcanoes are important water sources for the ecosystems and human settlements downstream in the lower catchment of the Río Tempisque (Guzmá n Arias and Calvo-Alvarado 2012). The Río Cucaracho has its headwaters on the northern slopes of the Rincó n de la Vieja. However, its hydrology is unstudied, as are all the streams of the Guanacaste Range. The Río Tempisquito has its headwaters on the slopes between Orosi and Cacao and is one of the most important tributaries of the Río Tempisque (Collado et al 2000; Calvo-Alvarado et al 2008; Guzmá n Arias and Calvo-Alvarado 2012) . Little information on hydrology and climate is available, although Newbold et al (1995) presented a brief hydrological and meteorological description of 6 Tempisquito headwater tributaries.
This study undertook a hydrological analysis of 2 forested catchments never analyzed before-the catchments of the streams Tempisquito and Cucaracho-representing 2 different climatic regimes in the mountainous section of the Á rea de Conservació n Guanacaste in Costa Rica. The first objective was to evaluate the performance of 2 hydrological models-the Hydrological Land Use Change (HYLUC) and Nedbør-Afstrømnings-Model (NAM) hydrological models. A second objective of this study was to simulate the impact of expected climate change for 2050 on stream flows and seasonal distribution of rainfall.
Methodology Study sites
The Á rea de Conservació n Guanacaste is a 163,000 ha conservation area in northwestern Costa Rica that protects 4 important tropical ecosystems: coastal-marine, dry forest, wet forest, and cloud forest (ACG 2013). Elevation ranges from sea level to the tops of Volcá n Orosi, Cerro Cacao, and Volcá n Rincó n de la Vieja at 1487, 1659, and 1851 masl (meters above sea level), respectively. The combination of coastal and mountain topography results in the presence of wet, moist, and dry forests facing the Pacific slope, and predominately moist and wet forests on the Caribbean slope. The 3 mountaintops have rain forests with a strong influence of fog and drizzle.
Two catchments located within the Á rea de Conservació n Guanacaste were selected, one on the headwaters of the Cucaracho River and another on the headwaters of the Tempisque River. Water forming the Río Cucaracho flows from the northwest face of Rincó n de la Vieja volcano to the San Juan River along the Costa Rica-Nicaragua border, and finally into the Caribbean Sea (Figure 1 ). The gauging station at Cucaracho stream is located at the bottom of a 348.5 ha (3.4 km 2 ) catchment (10u529160N, 85u239300W), at 663.7 masl, and only 1 climate station near the gauging station provides meteorological data for the catchment. This catchment contains 2 life zones according to the Holdridge classification system (Holdridge 1967; Bolañ os and Watson 1993) : transitional tropical wet forest and montane rain forest, at the bottom and top of the catchment, respectively. Significant rainfall occurs during most months of the year; the catchment has almost no dry season, with a slight water deficit only during April.
In The soils in both catchments are classified according to the Food and Agriculture Organization (FAO) soil taxonomy system as Andisols with a low base saturation; these soils have strong differentiation within the catchment due to the steep slope present in the upper catchment (CCT 1989; Ortiz Malavassi 2004; FAO 2006) . Both catchments are covered by pristine forests upstream of the gauging stations, with little evidence of anthropogenic alteration, except for some evidence of limited selective logging in the Tempisquito catchment (Newbold et al 1995) , as well as in the Cucaracho catchment.
Catchment instrumentation
Stream flow gauging stations were installed at the lowest point of each catchment. A staff gauge was attached to a 10-cm-diameter polyvinyl chloride (PVC) pipe installed near the stream bank to measure water levels. Inside the PVC pipe, a stage recorder (Solinst Levelogger Gold Model 3001) was deployed to record the stream level every 5 minutes. Atmospheric pressure was measured and recorded (Solinst Barologger Gold Model 3001) close to each gauging station to apply a barometric compensation procedure to correct the water levels. Instantaneous stream discharge measurements (m 3 s 21 ) were collected monthly at each site to develop a rating curve, translating the water levels into stream discharge.
The meteorological stations in both catchments recorded precipitation with a tipping-bucket rain gauge (HOBO Onset Data Logging Rain Gauge model RG3-M), as well as air temperature and relative humidity (HOBO Onset U23 Pro v2-U23-001). Temperature and relative humidity sensors collected data every 30 minutes; they were covered by a radiation shield at all the meteorological stations. Rainfall measurements were gathered at 1.5 m above the ground, with the exception of the Cumbre station, where there was no suitable open area for placement at ground level. The rainfall at this station was collected in a 16.5-cm-diameter funnel installed above the forest canopy and conveyed to the rain gauge at ground level through a plastic pipe.
Data collection and processing
The study period began when stream gauging stations were installed in April 2008 and continued for 30 months, until a flood destroyed the station in Cucaracho in October 2010. Total rainfall for the Cucaracho catchment was collected at only 1 site; no extrapolation was performed for this catchment due to the absence of more stations in the area. Establishing total rainfall for Tempisquito involved data interpolation based on the area of influence for each rain gauge using the Thiessen polygons method (Maritza, Cumbre, and Cacao at 7.0%, 39.8%, and 53.2%, respectively). Potential evapotranspiration was estimated using the Romanenko method (Xu and Singh 2001) , as shown in Equation 1.
where ET o is potential evapotranspiration, T is mean daily temperature (uC), and RH is relative humidity (%). Water levels (cm) recorded every 5 minutes were converted to stream discharge (m 3 s
21
) using a rating curve developed for each gauging station. A complete statistical analysis was conducted to select the best ), L is the stream water level (cm), n is the number of stream flow measurements, and R 2 is the coefficient of determination. Climate and stream seasonality were defined based on the monthly water deficit. Months with more precipitation than potential evapotranspiration were classified within the wet season, while those with less precipitation than potential evapotranspiration were classified as dry season months. Due to the limited data available, it was not possible to use the extreme event definition given by Carvalho et al (2002) . Instead, we used the Beniston et al (2007) definition of extreme events as those occurring with relatively low frequency. We used 2 event categories-peak events, defined as those with an accumulated frequency greater than 95%, and extreme events, defined as those with an accumulated frequency greater than 99%-to classify precipitation and stream discharge for the climate description and model evaluation.
Hydrological models
The HYLUC model is based on the underlying biophysical processes that drive evaporation. The structure is based on a lumped model working on a cascade methodology to estimate the final daily discharge. The HYLUC model is transformed by the Land Use Change model written for Microsoft Excel software into a semidistributed hydrological model through the segmentation of cover units within the influence area of a rain gauge. The HYLUC model determines the seasonal evapotranspiration from different land covers, based on the Penman-Monteith equation (Allen et al 1998) , which takes into account vegetation roughness; it includes 2 parameters that allow the calculation of soil water content and soil drainage (Calder 2003) . This model has been applied to different land-use covers from the United Kingdom, including Scots pine, lowlands, and tree plantations; to a Mediterranean catchment in Spain; to a semiarid region of South Africa; and to tropical forests in Panama (Haria and Price 2000; Calder 2002; Calder 2003; Calder et al 2003; Jewitt et al 2004; Calder et al 2009; Delgado et al 2010) .
The NAM model, developed at the Institute of Hydrodynamics and Hydraulic Engineering at the Technical University of Denmark (Nielsen and Hansen 1973) , is a deterministic, conceptual, lumped model that simulates rainfall-discharge processes in rural catchments. It works on a cascade methodology with 9 parameters that need to be calibrated for the calculations (Madsen 2000) . The NAM model used in this study is an adaptation written on a Microsoft Excel spreadsheet. The NAM model has been evaluated in a variety of locations, including the Nile River in Egypt, tropical forests of Vietnam and Zimbabwe, arid areas of California and Africa, and agricultural and forested catchments in Denmark (Yew Gan et al 1997; Jeppesen et al 2009; Taye et al 2011; Ngoc et al 2013) . 
where Q sim is the simulated river discharge (mm d Climate change scenario Magrin et al (2007) described projected scenarios of climate change for Latin America. The scenario for 2050 involves a temperature increase of 1.0-3.0uC in the dry season and 1.0-4.0uC in the wet season. The precipitation regime is expected to be highly variable and quite unpredictable, ranging from 212 to +5% during the dry season and 215 to +3% during the wet season. These projections agree with recent findings for Central America by Hidalgo et al (2013) , who predicted a temperature increase of up to 4uC and a precipitation reduction of 10%.
Based on these 2 studies, a 2.0uC temperature increase and 10% rainfall reduction in 2050 were used as the climate change scenario for this study. These conditions were applied to the recorded data sets of the Cucaracho and Tempisquito catchments, which were used to evaluate both models (HYLUC and NAM). The modeled output from the recorded climatological conditions was the starting point for all later comparisons. The impact of the climate change scenario was evaluated by comparing the results to the total modeled discharge under the recorded climatological conditions. This analysis considered the total stream discharge, total dry season discharge, frequency of peak events, and total discharge from peak events.
Results
Catchment seasonality
Hydrological The catchments differed in the seasonal distribution of precipitation. The dry season at Cucaracho occurs only during April and is relatively weak, while the dry season at Tempisquito lasts from February to April. Temperature at Cucaracho showed seasonal oscillations within each year (Figure 2) . Relative humidity at Cucaracho ranged from 75% in the dry season to 100% in the wet season. Mean relative humidity was 86.1% in the dry season and 92% in the wet season. The high relative humidity across seasons and years indicates the high content of atmospheric water vapor at this site. Mean annual precipitation at Cucaracho was 4235.3 mm, with a mean annual stream discharge of 3690.7 mm and a mean annual potential evapotranspiration of 927.5 mm (Table 1) .
Cucaracho catchment experienced a 1 month dry season during April each year, during which potential evapotranspiration (81.4 mm) was higher than precipitation (78.4 mm) ( (Figure 3 ). This large storm exceeded the extreme event threshold (99th percentile) for precipitation in this catchment of 94.8 mm d
21 (Table 2 ). The catchment response to precipitation observed as daily stream discharge exceeded the extreme event threshold of 28.8 mm d
21 on 4 days. Tempisquito experienced drier conditions than Cucaracho; it had a mean annual precipitation of 3308.5 mm and a mean annual stream discharge of 2355.5 mm (Table 1) . Annual discharge represented 71.2% of the mean annual precipitation. The dry season was strongest from February to April and contributed only 3.4% of mean annual precipitation and 10.7% of annual stream discharge. Warmer air temperatures in both seasons and extremely variable relative humidity resulted in a higher annual potential evapotranspiration (1090.1 mm) at Cucaracho (Table 1) . The Tempisquito hydrograph showed a rapid catchment response to precipitation events (Figure 3) (Table 2) .
Hydrological model performance
The HYLUC and NAM models underestimated stream discharge in both Cucaracho and Tempisquito: NAM by about 13% and HYLUC by much as 25%. The catchments showed a mean error ranging from 20.9 to 22.7 in daily calculations. R 2 and Nash-Sutcliffe coefficients indicate there was a relatively good fit of the model to the data, slightly better for HYLUC at Tempisquito and NAM at Cucaracho (Table 3) .
Daily stream discharge (Figure 4 ) was better described in Tempisquito by the HYLUC model (R 2 5 0.88, E NS 5 0.59), which successfully described the events with a probability lower than 0.01 (Figure 4 ). The HYLUC model underestimated the discharge with an exceedance probability higher than 0.1 (representing 75% of all the records). The NAM model fit better for the Cucaracho stream (R 2 5 0.80, E NS 5 0.45). The NAM model described with high fidelity the discharge events with exceedance probabilities lower than 0.1, but it underestimated base flows similar to the HYLUC model.
Modelling climate change
Based on a climate change scenario of a 10% reduction in rainfall and a 2uC increase in temperature, outputs were generated using both models and compared to the recorded conditions for both catchments. The climate change scenario resulted in a significant decrease in stream discharge for both streams. The 2 models differed in the modeled total discharge, but they were consistent in the yearly percentage decrease in stream flows.
Both models predicted that annual stream discharge would decrease, by 15.7-16.6% at Cucaracho and 20.0-21.0% at Tempisquito (Table 4) . However, they differed distinctly in their predictions of seasonal reductions in stream discharge. The NAM model for Cucaracho stream showed seasonal reduction of stream flows, with a strong reduction in stream discharge in the transitional period between the dry and wet seasons. A reduction of 26% to 30.7% was observed at the beginning of the wet season each year; however, the decrease in stream discharge was not as great during the dry season, reaching a maximum of 5.8%. HYLUC modeled discharge was more constant through the year. Both the HYLUC and NAM models were able to accurately model the discharge peaks during the transitional months ( Figure 5 ).
Tempisquito and Cucaracho exhibited similar model results, with strong seasonal differences in the NAM model that were not apparent in the HYLUC model. The HYLUC model exhibited a more constant reduction throughout the year, with peaks reaching the 37.3% difference during the transitional months (from dry to wet season). Important seasonal differences in discharge were shown by the NAM model in these catchments, with random peaks throughout the wet season. There was no reduction in dry-season flows in the models' predicted response to the climate change scenario ( Figure 5 ). On the other hand, the Pacific slope experiences a dry season from December to April because the atmospheric moisture carried by the Choco Jet during these months is lost over the Pacific Ocean (Durá n-Quesada et al 2010). As a result, the streams of the Caribbean slope have a plentiful flow throughout the year, while the streams of the Pacific slope experience low flows during the dry season (Calvo 1990; Guzmá n and Calvo-Alvarado 2013; Calvo-Alvarado et al 2014) . The Cucaracho and Tempisquito catchments are only 15 km apart, but there are distinct differences in their hydrological regimes due their topographical location on opposite slopes, reflecting the effect of the mountains that separate the two catchments (Cavender-Bares et al 2011; Kirby 2011).
The remaining water content that comes from the east forms clouds at the upper reaches of the Tempisquito catchment on the Pacific slope. This overtopping of atmospheric moisture contributes to an increase in rainfall at the summits, facilitating the growth of montane forests on the upper slopes and the permanence of dryseason discharges (Haber et al 2000; Kirby 2011 ). This phenomenon has been recorded in the Monteverde Cloud Forest in Costa Rica (Guswa et al 2007; Tobon et al 2010) , contributing to maintaining the typical dry-season discharge of the Tempisquito catchment streams.
The difference in potential evapotranspiration between the 2 catchments reflects differences in the intensity and length of the dry season, during which Tempisquito can lose 204.2 mm (in 2 months), while Cucaracho loses only 84.1 mm (in 1 month). On the other hand, total potential evapotranspiration losses for both catchments during the wet season differ by only 39.7 mm. This difference illustrates the drier conditions, even during the rainy season, on the Pacific slope.
The high humidity throughout the year on the Caribbean side reduces potential evapotranspiration losses at the catchment level. Even if the water loss by potential evapotranspiration accounts for at most 21.9% of the total rainfall, the real evapotranspiration is much lower. This is consistent with the high discharge observed, MountainResearch which represented 87.1% of the rainfall within the catchment. Tempisquito discharge represented 71.2% of the rainfall, whereas 28.8% of rainfall could be lost to potential evapotranspiration. The hydrological response in both catchments is similar to conditions in southwestern mountainous catchments in Costa Rica, where the discharge accounts for 70 to 75% of the total rainfall (Krishnaswamy et al 2001) . 
Hydrological models
The inconsistencies among estimates for modeled potential evapotranspiration, stream discharge, and precipitation could reflect the strong effect of a complex groundwater system in both catchments. Additionally, difficulty modeling precipitation patterns due to the complexity of the regional system in Central America could result in underestimation of rainfall at higher elevations, because of the importance of the contribution of fog to net precipitation (Bruijnzeel 2005 . This water storage capacity has to be related to the volcanic conditions in the area. The geology of these volcanic strata is characterized by porous rocks such as basaltic-andesite and andesite lavas, pyroclastic flows, and lahars (Molina Zuñ iga 2000). The presence of superficial soil layers with high porosity and volcanic tuff underneath affects hydrological analysis in these catchments.
The NAM model depicts groundwater contributions of 57.6% and 68.4% of annual stream discharge in Cucaracho and Tempisquito, respectively. The NAM model is difficult to calibrate (Madsen 2000) ; simplifications in the model structure, use of nonoptimal parameters, or errors in data can reduce its accuracy. A study conducted in Monteverde, Costa Rica, proved that under windy conditions on mountaintops, an underestimation of water input by more than 20% is possible, regardless of the density of rain gauges (Frumau et al , 2011 .
The mass balance error for both models shows a trend toward a reduction in discharge in both streams. The low capacity to model the discharge in Cucaracho could be because rainfall was underestimated due to the absence of rain gauges in the upper part of the catchment. The same problem exists at the top of Tempisquito catchment, where cloudy conditions are constant all year, which suggests that an underestimation of precipitation due to the horizontal precipitation effect in both catchments is likely. Even with the potential estimation errors, however, both models produce estimates of real evapotranspiration that are similar to the annual potential evapotranspiration rate of 1355 mm reported by Komatsu et al (2012) for tropical environments located between 20uS and 20uN.
Hydrological modeling within the mountainous regions of Central America is hampered by lack of information. Major efforts to model hydrological conditions have focused on medium-to large-scale catchments like Terraba basin in Costa Rica (Krishnaswamy et al 2001; Hendrickx et al 2005; Westerberg et al 2010 Westerberg et al , 2011 .
Effects of climate change
In Central America, climate change effects are reflected strongly in temperature and rainfall readings. A warming trend has been recorded in the last 4 decades, while the intensity of rainfall events has increased (Aguilar et al (Leclerc et al 2000) . Due to Costa Rica's geographical location, the climatological conditions are linked directly to the regional climate (Xu et al 2005) . The high variability in precipitation in both seasons increases the difficulty of applying climate change scenarios in Central America (Karmalkar et al 2011) . The climate change scenario selected for this study, a 2uC increase in temperature and a 10% reduction in rainfall, is consistent with the expected effect of a global increase in temperature of 1-3.5uC (Matondo and Msibi 2001) and local variation in precipitation rates (Karmalkar et al 2011) . Both Tempisquito and Cucaracho catchments are expected to experience a strong reduction in stream discharge. Discharge in Cucaracho and Tempisquito decreased more than 20% in both models from current recorded conditions between June and July. A drastic alteration is predicted for Cucaracho, which may lose up to 30% of the monthly discharge during the transition between dry and wet seasons. However, stream base flows during the dry season will not be altered strongly by climatic change, according to the NAM model. Both models predict annual reduction in discharge for each catchment, although the predicted reduction is smaller in Cucaracho than in Tempisquito (Table 4) .
The climate change scenario used in this analysis would not change the life zones within the Tempisquito catchment. However, the Cucaracho catchment is expected to experience a shift to a drier life zone near the catchment bottom, from transitional tropical wet forest toward tropical wet forest. Khatun et al (2013) registered similar trends throughout Central America, where different climate change scenarios involved the shift of the wettest life zones toward drier conditions. This shift may lead to species migrations in the medium to long term, depending on the species' adaptive capacity (Parmesan 2006; Dawson et al 2011) .
Applicability to mountain regions
The mountain regions of Central America have an urgent need of effective planning for water resources. However, the lack of hydrological and meteorological field data (Westerberg et al 2010) does not allow a reliable evaluation of water resources. In this context, the use of remote-sensing data, such as the CRN073 data set (Magañ a et al 1999 (Magañ a et al , 2003 or the Tropical Rainfall Measuring Mission (TRMM) data set (Huffman et al 2010) , has to be considered to make up for the lack of field stations.
Lowland farming and livestock activities in northwestern Costa Rica depend directly on the water drained from the mountaintops, and the replenishment of groundwater downstream. Models for estimating water resources have to be able to work with limited data and take advantage of available remote-sensing data. Both models analyzed in this paper, NAM and HYLUC, utilize simple data sets based on precipitation and potential evapotranspiration, where aerial losses can be computed from temperature and relative humidity data. This makes them promising tools for evaluating the hydrology of catchments based on limited data.
Conclusions
Different hydrological models are appropriate for different climate patterns and catchment characteristics. The NAM and HYLUC models were able to model the Cucaracho and Tempisquito hydrology with acceptable accuracy. However, discharge was underestimated in both models for both catchments; this was influenced by the poor capacity to estimate rainfall, especially the horizontal rainfall that occurs at higher elevations. Important differences existed in the models' performance when applied to the Cucaracho and Tempisquito catchments. The HYLUC model predicted a reduction of stream discharge in both catchments homogeneously, with a strong reduction during the transitional months between dry and rainy seasons. Conversely, the NAM model showed a more dynamic pattern in both catchments. Given its precision in re-creating the recorded conditions in both catchments, the use of the NAM model is more appropriate than the HYLUC model for mountainous regions that have uniform land cover and no strong seasonality. The models' proficiency also varied between catchments based on rainfall regime and rainfall intensity. Overall, the climate change scenario examined here showed a reduction in available water to the ecosystems that appears to be ecologically significant. This reduction will affect both catchments during the rainy season, while the impacts during the dry season will not be easily quantifiable. The dry season flows will last for 2 reasons: the short duration of the dry period (,3 months) in both catchments, and the contribution of horizontal rain at the summits.
